The glmS ribozyme is a catalytic RNA that self-cleaves at its 5′-end in the presence of glucosamine 6-phosphate (GlcN6P). We present structures of the glmS ribozyme from Thermoanaerobacter tengcongensis that are bound with the cofactor GlcN6P or the inhibitor glucose 6-phosphate (Glc6P) at 1.7 Å and 2.2 Å resolution, respectively. The two structures are indistinguishable in the conformations of the small molecules and of the RNA. GlcN6P binding becomes apparent crystallographically when the pH is raised to 8.5, where the ribozyme conformation is identical with that observed previously at pH 5.5. A key structural feature of this ribozyme is a short duplex (P2.2) that is formed between sequences just 3′ of the cleavage site and within the core domain, and which introduces a pseudoknot into the active site. Mutagenesis indicates that P2.2 is required for activity in cis-acting and transacting forms of the ribozyme. P2.2 formation in a trans-acting ribozyme was exploited to demonstrate that N1 of the guanine at position 1 contributes to GlcN6P binding by interacting with the phosphate of the cofactor. At neutral pH, RNAs with adenine, 2-aminopurine, dimethyladenine or purine substitutions at position 1 cleave faster with glucosamine than with GlcN6P. This altered cofactor preference provides biochemical support for the orientation of the cofactor within the active site. Our results establish two features of the glmS ribozyme that are important for its activity: a sequence within the core domain that selects and positions the cleavage-site sequence, and a nucleobase at position 1 that helps position GlcN6P.
Introduction
The glmS ribozyme is present in numerous Grampositive bacteria as part of the 5′ untranslated region of the mRNA that codes for glucosamine-6-phosphate synthase. 1, 2 This protein enzyme catalyzes formation of glucosamine 6-phosphate (GlcN6P) and glutamate from fructose 6-phosphate and glutamine. The glmS ribozyme domain self-cleaves upon binding GlcN6P. 2, 3 In a model for genetic regulation proposed by Winkler et al., 2 expression of the glmS gene proceeds when the level of intracellular GlcN6P is low. However, higher concentrations of GlcN6P lead to cleavage of the untranslated region and a concomitant reduction in GlcN6P synthase production. Thus, the glmS ribozyme was the first example of a naturally occurring ribozyme that functions also as a riboswitch. 4 Structural and biochemical evidence indicates that GlcN6P participates in the catalytic mechanism as a coenzyme rather than functioning as an allosteric activator: the structure of the ribozyme is largely unchanged upon cofactor binding and cleavage, 3, 5, 6 and the 2-amino group of the cofactor is essential for ribozyme activity. 7, 8 The secondary structure of the glmS ribozyme as originally proposed comprised four helices or paired regions, P1-P4. 1, 2 These were identified and supported by base-pair co-variation between the known ribozyme sequences. However, sequences near the cleavage site proposed to be single-stranded were invariant in the 18 species where the glmS ribozyme was found. 1 Thus, the same comparative phylogenetic approach did not reveal base-pairing interactions with sequences proximal to the cleavage site (Figure 1(a) ). The cleavage site is located at the extreme 5′-end of the ribozyme domain, and a single nucleotide 5′ of the cleavage site is sufficient for maximum catalytic activity in vitro.
2 Therefore, the sequence 3′ to the cleavage site must provide essential interactions that position the nucleotides adjacent to the scissile phosphate. Furthermore, a minimized RNA consisting only of sequences through P2 was catalytically active and GlcN6P-responsive. 2 Therefore, if sequences near the cleavage site form a duplex, candidate base-pairing sites would be limited to this core domain. Two such sites, both capable of limited base-pairing with the sequence immediately 3′ of the cleavage site, are evident in or near the bulged loop of P2 in the original secondary structure (Figure 1(a) ). One consists of nucleotides 52-56 (Bacillus anthracis numbering; red, Figure 1 (a)), and the alternative site consists of nucleotides 55-60. On the basis of mutagenesis studies, Soukup suggested that nucleotides 55-60 (gray, Figure 1 (a)) pair with the sequence just 3′ of the cleavage site. 9 Crystal structures of glmS ribozymes from Thermoanaerobacter tengcongensis 3 and B. anthracis 10 show nucleotides 3′ of the cleavage site forming a duplex with nucleotides 52-56 (red, Figure 1 (a), P2.2 in Figure  1 (b) and (c)). This helix forms part of a solventexposed pocket that binds glucose 6-phosphate (Glc6P), 3 an inhibitor of glmS ribozyme cleavage, 7 and the catalytic cofactor GlcN6P. 10 The crystal structures suggest that selectivity for GlcN6P over non-phosphorylated analogs such as glucosamine (GlcN) could arise from an interaction with the Watson-Crick edge of the guanine at position 1. 3, 10 This single nucleotide (G1) spans the cleavage site and the 5′-end of P2.2. Despite strong overall similarity between the crystal structures of the glmS ribozymes from the two bacterial species, subtle differences between the conformations of the bound GlcN6P and Glc6P and of some of the nucleotides that form the metabolite-binding pocket have been noted. 10 However, it was unclear whether these structural differences reflected different modes of binding of the two small molecule ligands, or resulted from other factors such as sequence differences between the T. tengcongensis and B. anthracis glmS ribozymes.
Here, we combine crystallographic analysis, structure-guided ribozyme engineering, and kinetic measurements to validate the functional relevance of key interactions observed in the crystal structures. We have refined the structures of the T. tengcongensis glmS ribozyme bound to GlcN6P and Glc6P at 1.7 Å and 2.2 Å resolution, respectively. Through mutagenesis and kinetic measurements, we demonstrate unambiguously that base-pairing in P2.2, as seen in the crystal structures, is required for the cis-cleavage Figure 1 . Secondary structures of the B. anthracis and T. tengcongensis glmS ribozymes. (a) Proposed secondary structure of the glmS ribozyme from B. anthracis modeled after the B. subtilis structure proposed by Winkler et al. 2 The site of cleavage is indicated with an open arrow. The position of the P2.2 pairing is shown in red with an alternative-pairing region in the P2 internal loop indicated in gray. Numbering is relative to the cleavage site. The sequence 5′ to the cleavage site is not shown; it was 5′-gggaauucAUUGUAAAUUAUAGA-3′, where lowercase letters indicate vector-derived sequence. (b) Secondary structure of the B. anthracis glmS ribozyme based on the crystal structure determined by Cochrane et al. 10 (c) Secondary structure of the T. tengcongensis glmS ribozyme construct used for crystal structure determination. activity of the glmS ribozyme. The crystal structures guided the design of a bimolecular version of the B. anthracis glmS ribozyme, in which the 5′ side of the P2.2 duplex is provided in trans as a short heptamer (or hexamer) oligoribonucleotide substrate. In this system, sequence specificity for the substrate was predictably altered with mutations in its "binding site" (i.e. the complementary strand of P2.2). This trans-acting ribozyme has allowed us to test a key ribozyme-GlcN6P interaction observed in our highresolution structure. By employing synthetic oligoribonucleotide substrates with substitutions at G1, we demonstrate that this nucleobase is indeed responsible for the selectivity for phosphorylated amino sugars displayed by the glmS ribozyme. These results indicate that the orientation of the bound GlcN6P seen in the crystals is required for ribozyme activity, and show that P2.2 is needed for both precise substrate positioning and cofactor binding.
Results

High-resolution structures of activator and inhibitor-bound glmS ribozymes
Our previous structural analyses of the glmS ribozyme were carried out with crystals grown and stabilized at pH ∼5.5.
3 Under these acidic conditions, we were unable to detect electron density corresponding to ribozyme-bound GlcN6P. Instead, we inferred binding from activation of the ribozyme when we soaked our crystals in GlcN6P-containing solutions (at pH 5.5), and deduced the location of GlcN6P binding from a 2.7 Å resolution structure of the ribozyme bound to the inhibitor Glc6P, which is isosteric to GlcN6P. 3 The catalytic activity of glmS ribozymes has been shown to increase with pH, reaching a maximum above pH 8.0. 2, 7 We reasoned that tighter binding of GlcN6P might accompany the increased activity observed under basic conditions. We succeeded in transferring our crystals of the T. tengcongensis glmS ribozyme from pH 5.5 to pH 8.5 without loss of crystalline order. Cleavage of the substrate RNA strand in the presence of saturating GlcN6P was blocked by replacing the ribose of residue A(−1) with 2′-deoxyribose. 5 Diffraction data collected from such crystals revealed unambiguous electron density for GlcN6P (Figure 2(a) ), allowing us to determine the structure of the glmS ribozyme bound to its catalytic cofactor at 1.7 Å resolution. Subsequent to our initial report, 3 we have improved refinement of the Glc6P-bound T. tengcongensis glmS ribozyme using diffraction data extending to 2.2 Å resolution (Table 1) .
Our structures of the glmS ribozyme bound to the activator GlcN6P and to the inhibitor Glc6P are identical to within the precision of the atomic coordinates (0.30 Å and 0.41 Å for the GlcN6P and the Glc6P complexes, respectively; Table 1 ). The activator and the inhibitor small molecules also superimpose perfectly (Figure 2(b) ). On the basis of our previous 2.7 Å resolution electron density maps, we built the atomic model of the ribozyme-bound Glc6P as having a C4-C5-C6-O6 dihedral angle of 180°. 3 Examination of high-resolution residual |F o |-|F c | Fourier syntheses of the Glc6P and GlcN6P complexes of the T. tengcongensis glmS ribozyme indicates that both Glc6P and GlcN6P are best modeled with a C4-C5-C6-O6 dihedral angle of 60°. Since the positions of the nucleotides that form the cofactor-binding pocket of the ribozyme and of the small molecules are indistinguishable (Figure 2(b) ), the inability of Glc6P to activate the ribozyme cannot be explained by conformational differences between its glmS ribozyme complex and that of GlcN6P.
Comparison of T. tengcongensis and B. anthracis glmS ribozymes
Subsequent to our work, a 2.5 Å-resolution crystal structure of the B. anthracis glmS ribozyme bound to GlcN6P was reported. 10 Consistent with our observations, the crystals obtained by those authors at pH 6.8 revealed binding of GlcN6P. When the structures of the T. tengcongensis and B. anthracis glmS ribozymes are superimposed using the bound GlcN6P, the only substantive difference in the active site and metabolite-binding pocket is a ∼1 Å shift of the phosphodiester backbone from residues A50 to A54 (A42 to A46, respectively, in the B. anthracis numbering scheme) (Figure 3(a) ). A consequence of this shift is a change in the lengths of the hydrogen bonds between the RNA and the 3-OH and 4-OH of GlcN6P. This structural difference appears to result, at least partly, from deletion of the nucleotide corresponding to T. tengcongensis U48 from the B. anthracis ribozyme. 1 In the T. tengcongensis RNA, U48 participates in a cis-Hoogsteen base-pair with A50, which caps helix P2. The absence of a nucleotide equivalent to the T. tengcongensis U48 could account for the subtle rearrangements of A42 in the B. anthracis glmS ribozyme, and a more pronounced rotation and displacement of helix P2 between the two glmS ribozymes. This displacement further propagates to the peripheral helices P3, P3.1 and P4 ( Figure 3(b) ). However, the conserved adenine residues in P4.1 Figure 3 . Superposition of the GlcN6P-bound structures of the T. tengcongensis (colored according the scheme in Figure 1 (c)) and B. anthracis (dark gray) glmS ribozymes. (a) Detailed view of the nucleotides that comprise the GlcN6P-binding pocket. A ∼1 Å shift of the phosphodiester backbone between the two structures is evident between A50 and G53 (A42-G45 in the B. anthracis numbering scheme). Deletion of nucleotide U48 in the B. anthracis ribozyme structure is also apparent. The conformation of the scissile phosphate group is very similar between the T. tengcongensis GlcN6P-bound structure (τ = 166°, this work) and the four crystallographically independent structures of the GlcN6P-bound B. anthracis ribozyme (mean τ = 167°, standard deviation 3°). 10 (b) Global view of the overall agreement of the structures of the T. tengcongensis and B. anthracis glmS ribozymes. Large structural variation between the two ribozymes is limited to helical elements distant from the active site core.
that stabilize the ribozyme core through A-minor interactions with helix P2.1 occupy similar positions in the T. tengcongensis and B. anthracis glmS ribozymes. 11 Importantly, helix P2.2, which carries the nucleotide bearing the leaving group of the transesterification reaction (G1) on its 5′ terminus, and lines one side of the metabolite-binding pocket, assumes the same position in the two ribozymes and in both the activator and inhibitor-bound forms of the T. tengcongensis ribozyme.
P2.2 is required for cis-ribozyme activity
The wild-type cis-cleaving B. anthracis glmS ribozyme used for the biochemical studies, ANX1 (Figure 1(b) ), cleaved to 80% (Figure 4 (a)) with rate constant of 3.0(±0.1) min −1 (Table 2 ) under standard conditions (2 mM MgCl 2 , 0.1 mM GlcN6P, pH 7.5, 25°C). To determine if the base-pairing in P2.2 is required for wild-type cleavage rates, two ribozymes, each with two nucleotide changes predicted to disrupt pairing in P2.2, were made and tested for activity. Cleavage activity of ribozymes with mutations in the 5′ side of P2.2 (G3C and C4G; P2.2-5′) or mutations in the 3′ side of P2.2 (G54C and C55G; P2.2-3′) was reduced. The rate constants decreased by a factor of 10 5 to 10 6 (1.1(±0.1) × 10 −5 min −1 and 7.1(±0.6) × 10 −6 min −1 , respectively) relative to the wild-type sequence (Figure 4 (a)-(c); Table 2 ). A tenfold increase in the concentration of MgCl 2 (2 mM to 20 mM) did not restore cleavage for either P2.2-5′ or P2.2-3′ ( Table 2) . If loss of cleavage activity was due to disruption of base-pairing in P2.2, then the compensatory mutant designed to restore Watson-Crick base-pairing by combining the above changes in P2.2 (P2.2-5′/3′, Figure 4 (b)) may restore activity. In this variant, the base identities at the two mutated positions were reversed with respect to the wild-type P2.2. Restoring the potential for base-pairing increased the cleavage rate ∼10
5 -fold over that of the mismatch (Figure 4 (a) and (c); Table 2 ). These rates (0.55 min −1 ) 2.2 ± 0.1
Observed rate constants for self-cleavage of the ANX1 and P2.2 mutant cis-cleaving ribozymes in various concentrations of MgCl 2 . Mean values and standard deviations were calculated from at least three independent measurements at 25°C.
were within fivefold of wild-type rates. The decrease in cleavage rate when the sequence of P2.2 was changed was small compared to the effect that disruption of Watson-Crick base-pairing had on activity. Importantly, the same base changes that severely reduced activity when introduced in only one strand of P2.2 had little effect on activity when combined such that Watson-Crick base-pairing was possible. The data from the compensatory change support a model in which base-pairing proposed for P2.2 was required for ribozyme cleavage. Had activity not been restored in the P2.2-5′/3′ construct, no conclusion about base-pairing or sequence requirements in P2.2 could be drawn from the mutagenesis data alone.
A robust trans-acting ribozyme
The P2.2 cleavage-site duplex provided an appealing structural element to be exploited in constructing a trans-acting glmS ribozyme. A P2.2-based trans-acting ribozyme was created by dividing the B. anthracis glmS ribozyme between nucleotides 6 and 7. The "enzyme" portion was made by beginning transcription at G7 (tANX/G7). Winkler et al. 2 showed that ribozyme cleavage requires only one nucleotide 5′ to the cleavage site and we demonstrated that this is also true for the ribozyme in the crystalline state, 3 so a heptamer oligoribonucleotide encompassing the wild-type sequence −1 to +6 was used as substrate. Pre-incubation and start conditions were optimized for both reaction rates and the extent of cleavage. Importantly, we observed reaction rates that were too fast to measure by hand (≥15 min −1 ) when attempting to saturate either MgCl 2 or GlcN6P. Therefore, reactions were slowed to measurable rates by using 10 mM MgCl 2 and 0.1 mM GlcN6P at 25°C. Lowering the temperature below 25°C reduced the extent of cleavage, presumably due to misfolding of a subpopulation of the RNA. Therefore, a full kinetic analysis including measurements of k cat , K M , as well as the apparent K D of GlcN6P for our trans-acting ribozyme will require a rapid-quench system to measure reaction rates.
In the presence of the tANX/G7 ribozyme, the 5′ end-labeled substrate released a fast-migrating labeled product that separated from the substrate oligoribonucleotide on PEI thin-layer chromatography plates ( Figure 5(a) ). The product was generated at a rate of 11 min −1 in the presence of 10 mM MgCl 2 and 0.1 mM GlcN6P. The ribozyme product migrated with a product generated from a nuclease U 2 digestion of the substrate (data not shown), verifying that the ribozyme is cleaving between A (−1) and G1. Treatment of the reaction product with acid resulted in a product that, at pH 5, migrated more slowly than untreated sample ( Figure 5(b) ). This result was consistent with acid hydrolysis of a 2′,3′-cyclic phosphate group to generate a 2′(3′)-terminal phosphate group. Generation of the 2′,3′-cyclic phosphate group in the ribozyme reaction suggests that the reaction most likely proceeds through a nucleophilic attack of the 2′ oxygen on the phosphorus of the adjacent scissile phosphate. Thus, the trans-cleavage reaction appears to accurately reproduce the cis-cleavage reaction. 
P2.2 is required for trans-cleavage activity
Reconstitution of the cleavage reaction in trans is not, in itself, proof that a particular duplex was responsible for binding of the substrate fragment by the enzyme portion of the ribozyme. To test if the trans-reaction was dependent on formation of P2.2, the enzyme and substrate sequences were altered and tested in the cleavage reaction (Figure 6 5 . However, when the altered substrate (P2.2 5′-side mutation) and the altered enzyme (P2.2 3′-side mutation) were combined (Figure 6(a) ), the cleavage rate increased 2000-fold over that of the mismatched enzyme-substrate combinations. This result suggests that pairing in the alignment of the proposed P2.2 is required for the reaction in trans.
The nucleobase at position 1 is a determinant of cofactor specificity
The P2.2 trans-system was used to probe a specific cofactor-ribozyme interaction inferred from the crystal structures.
3,10 A non-bridging phosphate oxygen of GlcN6P is positioned within hydrogen bonding distance (3.0 Å) of ring nitrogen N1 of residue G1 (Figure 2(a) ). This interaction of G1 with the cofactor phosphate group could account for the preference of GlcN6P over the non-phosphorylated amino sugar GlcN in the cleavage reaction. 7 To test if the interaction between G1 and GlcN6P contributes to the cleavage rate, RNA oligonucleotide substrates used in the trans reactions were prepared with purine analogs at G1 (Figure 7 ). These substrates were tested with the tANX/G7 ribozyme for cleavage activity using four cofactor analogs: GlcN6P, GlcN, Serinol, and Tris ( Figure 7 ). Increasing the concentrations of enzyme above 100 nM gave no further increase in the rate of cleavage under the conditions used, indicating that the enzyme was in saturating excess over the substrate oligonucleotide. The concentration of both GlcN6P and GlcN in these reactions was 0.1 mM. The concentrations of serinol and Tris were raised to 10 mM and 80 mM, respectively. In all cases, the cofactor concentrations were sub-saturating, so we report the rates as a second-order rate constant after normalizing for the cofactor concentration (M −1 min −1 , Figure 7 ). In these reactions, substrate containing the wild-type G1 was cleaved at a rate of 1.1(±0.1) × 10 5 M −1 min −1 in GlcN6P. Under the same conditions, with substrates containing purine analog substitutions for G1, the cleavage rates decreased dramatically. The highest rate in GlcN6P was with the guanosine analog inosine (I) (3.9(±0.9) × 10 3 M −1 min −1 ) and the slowest rate was with the adenine analog dimethyladenine (DMA) (0.46(±0.01) M −1 min −1 ) (Figure 7) . Thus, among the substituted (non-guanosine) substrates, the rates in GlcN6P varied over a range of 10 4 -fold. Notably, with the adenine substitution, the rate constant (1.6(±0.1) × 10 1 M −1 min −1 ) was down three to four orders of magnitude relative to the wild-type substrate. This result is consistent with the large loss of activity seen in a cis-cleaving form of the B. subtilis glmS ribozyme with a G1A mutation. 2 These data show that nucleobase modifications at position 1 can have a large effect on the rate.
To test if the decrease in cleavage activity with position 1 modifications could be attributed to the disruption of the G1-GlcN6P interaction, the effect on the cleavage rates of removing the phosphate group from the cofactor was examined. When GlcN was substituted for GlcN6P, the wild-type sequence cleaved 10 3 times slower ( Figure 7) . 7 This preference for GlcN6P over GlcN decreased to a factor of about 100-fold with inosine at position 1, and to only twoto threefold with diaminopurine at that position in the substrate. Moreover, the adenine, 2-aminopurine, purine, and DMA-containing substrates cleaved faster in GlcN than in GlcN6P. The largest effect was seen with DMA, where the cleavage rate was 40 times faster in GlcN than in GlcN6P. These compensatory effects, seen as the reversal of cofactor preference, were taken as support for an important contribution of the GlcN6P-G1 interaction. Under the conditions used in these reactions, we did not observe saturation with either GlcN6P or GlcN; therefore, we have not determined if the changes were due to an effect on binding or catalysis, or to both.
The small molecule cofactors serinol and Tris served as control reactions for possible differences in the reactivity of the substrates. There was moderate variation in cleavage rates among all of the subs- Figure 7 . Comparison of cleavage rates of substrates containing nucleobase analogs at G1 with various cofactors. Cleavage reaction conditions were 50 mM Hepes (pH 7.5), 10 mM MgCl 2 at 25°C, and the cofactor. Cofactor concentrations were 0.1 mM GlcN6P (black), 0.1 mM GlcN (red), 10 mM serinol (green), and 80 mM Tris (blue). The observed rate constants are the average of two or more independent determinations and were normalized to the cofactor concentration. The structure of each of the nucleobases is shown on the left and the cofactors are shown at the bottom.
trates with these two cofactor replacements: ∼20-fold variation in Tris and ∼50-fold in serinol ( Figure  7) . A similar variation in rate constants (∼50-fold) was seen in GlcN. We take this as evidence that the effect of nucleobase substitution on intrinsic substrate reactivity was small compared to the large effect (10 5 -fold) that can be attributed to changes in GlcN6P binding or positioning.
Discussion
The initial model for the secondary structure of the glmS ribozyme (Figure 1(a) ) was derived, in part, by comparison of sequences from 18 Gram-positive bacteria.
1,2 Sequences near the cleavage site and in and the region flanking P2 were invariant among the species examined.
1 As these sequences lacked covariation, pairings involving them could not be determined by phylogenetic analysis. Mutagenesis is an alternative to phylogenetic analysis to test potential duplex elements. This is especially true with ribozymes, where the catalytic activity provides a readout for a functional structure. Soukup presented mutagenesis results that he interpreted as evidence for the formation of a duplex between sequences 3′ of the cleavage site and nucleotides in the 3′ side of P2 (Figure 1(a) , gray line). 9 Whereas mutations of these sequences that would disrupt the purported duplex did reduce activity, compensatory mutations designed to re-establish pairing did not restore activity. 9 Two interpretations are that either there is a strong requirement for duplex of a particular sequence, or the postulated pairing is incorrect and an alternative feature has been disrupted by the mutagenesis. In the latter case, predicted compensatory mutations would fail to rescue activity because base-pairing would not be re-established.
The crystal structures of the glmS ribozyme confirmed the four helices P1, P2, P3, and P4, but in addition revealed that the phylogenetically invariant sequences that had not been assigned pairings participate in two short helices, P2.1 and P2.2. 3, 10 The presence of these two helices introduces a nested double pseudoknot into the core of the glmS ribozyme, in addition to the previously discovered peripheral pseudoknot near the 3′-end of the ribozyme domain of the untranslated region. 12 Comparison of the structures of the T. tengcongensis glmS ribozyme in the unliganded pre-cleavage state, in the pre-cleavage state bound to Glc6P, and in the post-cleavage state showed that this catalytic RNA assembles into a remarkably rigid structure. 3 Together with previous structural and biochemical studies of other ribozymes, such as the naturally occurring hepatitis delta virus ribozyme 13, 14 and the in vitro evolved Diels-Alderase, 15, 16 this work suggested that pseudoknotting is a strategy that relatively short catalytic RNAs can adopt in order to achieve a stable fold.
The analysis presented here provides experimental support for the P2.2 duplex seen in the crystal structures of the glmS ribozyme being required for catalytic activity. 3, 10 The key difference between these results and those reported by Soukup is that mutations designed to restore pairing in P2.2 did restore cleavage activity. 9 Moreover, these results would be inconsistent with the alternative pairing proposed by Soukup. 9 For the ribozyme containing P2.2 compensatory mutations, cleavage rates and the extent of cleavage were somewhat lower than for the wild-type ribozyme. The small reduction in cleavage rates suggests that there could be a sequence requirement in P2.2 in addition to the duplex requirement. Cochrane et al. identified two solvated magnesium ions that interact with the phosphate group of GlcN6P. 10 While we do not observe clear electron density for these two magnesium ions in our native structures, anomalous difference Fourier maps derived from a crystal in which Mg 2+ was replaced with Mn 2+ confirmed that two divalent cations do coordinate the phosphate of GlcN6P when it is bound to the T. tengcongensis glmS ribozyme (data not shown). As one of these magnesium ions interacts with G62 (G54 in B. anthracis numbering) in P2.2, a ribozyme containing a compensatory C mutation in this position may interact more weakly with the cation, thus accounting for the observed reduction in cleavage activity. Nonetheless, and consistent with an absence of an absolute requirement for divalent ions for glmS ribozyme activity, 17 the sequence effects observed were small, and relative to ribozymes with a mismatched duplex, the compensatory changes restored nearly full activity.
Unlike other well-characterized naturally occurring ribozymes, the glmS ribozyme requires GlcN6P, a low molecular mass metabolic intermediate, for activity. 2 Unlike exogenous guanosine, which is a substrate of the reaction catalyzed by the group I intron, 18 GlcN6P appears to function as a coenzyme for the glmS ribozyme. 7, 3, 10 Comparison of the Glc6P-bound T. tengcongensis glmS ribozyme and the GlcN6P-bound B. anthracis glmS ribozyme demonstrated subtle structural differences near the active site. 10 These could result from sequence differences between the two RNAs, or could indicate that the inhibitor and activator small molecules bind the ribozyme in slightly different manners. Superposition of the two high-resolution structures of the T. tengcongensis glmS ribozyme presented here shows that, within the precision of the crystallographic coordinates, the two small molecules bind the ribozyme in an identical manner. This further emphasizes the critical catalytic role played by the amine functional group of GlcN6P (the only chemical difference between the two small molecules). Moreover, because GlcN6P-binding but not Glc6P-binding is pH-dependent, it appears that the ribozyme can preferentially bind the neutral amine form of a small molecule. This is consistent with Michaelis-Menten analysis of GlcN6P activation of the B. anthracis glmS ribozyme. 10 Despite some differences in the disposition of peripheral elements, the active site and metabolite-binding pockets of the T. tengcongensis and B. anthracis ribozymes superimpose extremely closely. In both ribozymes, P2.2 forms one of the sides of the metabolite-binding pocket, and is preceded immediately by G1. The purine nucleobase of this residue stacks on top of the pyranose ring of GlcN6P, and the N1 nitrogen of the base is within hydrogen-bonding distance of the phosphate of the activator. The apparent importance of P2.2 in positioning both the cleavage site (which immediately precedes G1) and the cofactor GlcN6P, its high degree of structural conservation in the ribozymes from the two bacterial species, and its proximity to the 5′-end of the ribozyme domain, made this duplex an attractive place to split the RNA in order to develop a transcleaving ribozyme. Successful construction of such a ribozyme would further confirm the functional importance of P2.2, but in addition would allow us to test crystallographically observed interactions made by this segment of the RNA using variant small synthetic oligonucleotide substrates.
The crystal structure of the glmS ribozyme guided design of a trans-cleaving ribozyme in which the interaction between substrate and enzyme is predicted to depend exclusively on the P2.2 interaction. A functional ribozyme could be reconstituted, and the reaction rates, under single-turnover conditions, were similar to what was seen in the ciscleaving forms. In addition, the trans-cleavage reaction appeared to accurately recapitulate the cis-cleavage reaction, in that it required GlcN6P and generated a product with a 2′,3′-cyclic phosphate. Several previously reported trans-cleaving forms of the glmS ribozyme have separated the ribozyme from a substrate strand within the hairpin loop at the end of P1. 1, 3, 6 In those ribozymes, the substrateenzyme interaction would be predicted to be more stable than the P2.2-based ribozyme made here, as it involves base-pairing in both P2.2 and P1. However, for some studies the version described here could be useful, especially if the use of short substrate RNA is advantageous. In that regard, we note that a hexamer (−1 to 5) was cleaved at the same rate as the heptamer (−1 to 6) used in this study (our unpublished results).
We employed our trans-acting ribozyme to examine a possible interaction between G1 and the cofactor phosphate by measuring the effect on reaction rates of replacing G1 with various nucleobases and substituting GlcN6P with GlcN. It has been reported that a G1A mutation interferes with glmS ribozyme activity, 2 and that replacing GlcN6P with GlcN also results in a large decrease in activity. 7 Here, we found that replacing G1 with other guanine or adenine analogs also had a large effect on activity, comparable to or greater than what was seen with the GlcN substitution. Importantly, however, the adenine and adenine analog-containing substrates did not cleave appreciably slower in GlcN than they did in GlcN6P. A large preference for GlcN6P over GlcN was seen only with the inosine substitution, a close analog of guanosine. Inosine would be predicted to maintain its N1 hydrogen bond with the phosphate of GlcN6P, similar to what was seen with guanosine. If the decreases in activity with nucleobase substitutions or cofactor substitutions were due to effects that were independent of one another, we might expect an additive effect when they were combined. However, with some of the other nucleobase analogs, notably DMA, higher cleavage rates were seen with GlcN than with GlcN6P. This switch in cofactor preference suggests that there may have been some level of interference that was relieved upon replacing GlcN6P with GlcN. These results are consistent with a model in which the N1 of G1 contributes to the binding or positioning of the GlcN6P in the active site by hydrogen bonding with the phosphate group of the cofactor. Previous nucleotide analog interference mapping and suppression experiments designed to identify interactions between the ribozyme and the phosphate of GlcN6P failed to identify this key interaction involving G1. 19 However, in those experiments only guanine analogs that contain an N1 with a pK a similar to the N1 of guanine were tested at the position of G1.
The results provided here support a model of P2.2, as seen in the crystal structure, being required for cleavage activity of the glmS ribozyme. The trans reactions in particular suggest that this pairing is largely responsible for positioning the sequence containing the scissile phosphate in the active site. G1, the nucleotide immediately 3′ of the cleavage site, however, is not part of the P2.2 duplex but instead contributes to GlcN6P-binding or orientation, or both. The importance of the N1 to phosphate oxygen-hydrogen bonding in the G1-GlcN6P interaction for optimal activity suggests that it might be possible to design a cofactor that binds tighter than GlcN6P. Replacing the phosphate of GlcN6P with a group more able to take full advantage of the hydrogen bonding positions on the Watson-Crick face of G1 could enhance binding further. Such a molecule might be effective in targeting the ribozyme and causing it to cleave even when intracellular levels of GlcN6P are low. According to the model for how the glmS ribozyme is linked to regulation GlcN6P production in the cell, 2 a tightbinding cofactor that enhanced cleavage would lead to decreased synthesis of GlcN6P synthase and thereby slow cell-wall synthesis.
Materials and Methods
Structure determination
RNA corresponding to the T. tengcongensis glmS ribozyme was prepared, purified, and crystallized as described. 3 The structure of the glmS ribozyme bound to Glc6P was obtained exactly as described previously using our in-house X-ray source. 3 The resolution of this structure was improved to 2.2 Å by collecting diffraction data using synchrotron X-radiation at the Advanced Light Source (ALS). To obtain the structure of the glmS ribozyme bound to GlcN6P, crystals were transferred directly to a dehydrating stabilization solution that contained 25% (w/v) PEG 4000, 1.5-1.7 M LiCl, 30 mM MgCl 2 , 15 mM GlcN6P, freezing in liquid nitrogen. Occasionally, dehydration caused the crystals to crack in the direction perpendicular to the c-axis. However, such cracks were easily avoided during data collection by aligning the c-axis parallel with the axis of rotation. Diffraction data were collected at 100 K at beamline 5.0.2 and 8.2.2 at the ALS and processed with the HKL software package. 20 Crystallographic refinement was carried out with CNS, 21 using multiple rounds of torsion-angle simulated annealing, energy minimization, and individual B-factor refinement. Statistics for all structures are given in Table 1 . Structural figures were prepared with PyMOL †.
Enzymes and reagents for the biochemical studies
Bacteriophage T7 RNA polymerase was purified by M. Puttaraju from an over-expressing clone provided by W. Studier. 22 Oligodeoxynucleotides for mutagenesis and oligoribonucleotide substrates for the trans reactions were ordered from Integrated DNA Technologies (IDT). Additional substrate oligoribonucleotides with modified bases were ordered from Dharmacon, Inc. Other enzymes and chemicals were purchased from commercial sources.
Plasmid construction
The plasmid (pANX1) used to prepare the wild-type B. anthracis cis-acting glmS ribozyme (ANX1) has been described. 12 This sequence was modified by oligonucleotide-directed mutagenesis of a uracil-containing, singlestranded form of the pANX 23, 24 to introduce mutations and compensatory changes in the P2.2 duplex region of the cis ribozyme and to generate the "enzyme" construct (ANX/ G7) for the trans reactions. The same approach was used for mutagenesis of the P2.2 region in the trans-acting ANX/G7 sequence. Sequences were verified, and plasmid DNA for the mutants was prepared and purified as described. 12 
In vitro transcription
For the kinetic studies, plasmid DNA was linearized by cutting with BamHI endonuclease and purified by extraction with phenol/chloroform and precipitation in ethanol. The transcription reactions (50 μl, 15 min, 37°C) contained 5 μg of the cut DNA, 40 mM Hepes (pH 7.5), 20 mM MgCl 2 , 9 mM dithiothreitol, 2 mM spermidine, 1 mM each ATP, UTP, and GTP, 0.5 mM CTP, 10 μCi of [α-32 P]CTP, and ∼300 units of T7 RNA polymerase. Reaction products were separated by electrophoresis on a 6% (w/v) polyacrylamide gel containing 7 M urea, and precursor RNA was identified by audioradiography, excised, and eluted from a gel slice, desalted by G25 gel-filtration chromatography, and recovered by precipitation in ethanol. This RNA was stored in 1 mM Hepes (pH 7.5), 0.1 mM EDTA at −20°C. Unlabeled transcripts were prepared in a similar fashion and were located by UV shadowing.
5′-End labeling
RNA oligonucleotides supplied from Dharmacon were deprotected according to the manufacturer's instructions. The 5′ ends of the oligonucleotides were labeled with 32 P in 10 μl reactions containing 20 pmol of RNA oligo, 4 μM [γ-32 P]ATP (7000 Ci/mmol), 50 mM TrisHCl (pH 7.5), 2 mM MgCl 2 , 50 mM NaCl, and 5 units of polynucleotide kinase. After 30 min at 30°C, the reactions were terminated by adding 40 μl of formamide containing 100 mM EDTA and were separated by electrophoresis on a 12% polyacrylamide gel containing 7 M urea. The end-labeled RNA was identified by autoradiography of the gel and eluted from the isolated gel fragment.
Cleavage assays
For the self-cleavage reactions (cis-cleavage), radiolabeled precursor RNA was first heated to 95°C for 3 min in 1 mM Hepes (7.5), 0.1 mM EDTA and then placed on ice. This RNA was incubated in the cleavage cocktail without GlcN6P at 37°C for 15 min and then shifted to 25°C for 5 min and a zero time-point taken. To start the cleavage reaction, GlcN6P was added. Final concentrations for the cleavage reactions were 50 mM Hepes (pH 7.5), 2 mM MgCl 2 (or higher where indicated), and 0.1 mM GlcN6P. Aliquots of the reactions were removed and stopped with EDTA and formamide as described above. The samples were fractionated on 6% polyacrylamide gels containing 7 M urea. The gels were dried and the fraction of precursor that cleaved at each time was quantified with a Phosphorimager (Molecular Dynamics).
For the trans reactions, "enzyme" and "substrate" RNAs were first heated separately at 95°C for 3 min in 1 mM Hepes (pH 7.5), 0.1 mM EDTA and placed on ice. The RNA was then combined and incubated at 37°C for 15 min in the cleavage cocktail minus cofactor and shifted to the reaction temperature of 25°C for 5 min. For the zero time-point, 2 μl of the preincubation was removed and spotted onto A PEI plate. To start the reaction, cofactor (GlcN6P or other cofactor) was added. Final concentrations for the cleavage reactions were 50 mM Hepes (pH 7.5), 10 mM MgCl 2 , 100 nM enzyme RNA, 0.004-0.02 nM radiolabeled substrate RNA (trace amounts), and either 0.1 mM GlcN6P, 0.1 mM GlcN, 10 mM serinol, or 80 mM Tris-HCl (pH 7.5) as indicated. Final pH values (measured from mock reactions without RNA) were 7.3, 7.3, 7.6, and 7.5, for GlcN6P, GlcN, serinol, Tris-HCl, respectively. Aliquots of the reactions were spotted on PEI plates that had been pre-spotted with 2 μl of 0.5 M EDTA, and fractionated on a half plate (10 cm) using 1 M LiCl as the mobile phase. To separate the 2′,3′-cyclic phosphate form of pAp from that with a 2′(3′)-terminal phosphate, 0.1 M boric acid (pH 5) was included in the mobile phase and a full 20 cm plate was developed. Release of the labeled 5′ nucleotide from the substrate RNA was quantified as described above.
All the cleavage reactions followed first-order or pseudo first-order kinetics and data were fit to the equation:
where f t is the fraction cleaved at time t, and F is the extent of reaction or the fraction that cleaved with the observed first-order rate constant k (k obs ). For very slow reactions, similar rate constants were estimated from slope of the initial rate or by setting the endpoint (F) to 0.95 and fitting to the above rate equation. Kaleidagraph (Synergy Software) was used for curve fitting and generation of plots. † http://pymol.sourceforge.net/
Protein Data Bank accession codes
Coordinates and structure factors for the GlcN6P-and Glc6P-bound glmS ribozyme structures have been deposited in the PDB with accession numbers 2Z74 and 2Z75.
